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FOREWORD 


This  final  Tty ort  w m  prepared  by  the  Energy  Conversion  Branch  (APIP-2), 
Aerospace  Poviw  Division  under  Project  3145  -  Power  Generation,  Task  31 4519- 
Sclar  Poser.  This  solar  cell  sp:.ee  experiment  was  sponsored  by  the  Air  Force 
Aero  Propulsion  Labor  atory  and  included  five  experimental  types  of  colls  from 
four  conU&ctorn.  The  experiment  was  flown  on  a  non-interference  basis  on  au 
operational  space  vehicle  by  the  Air  Force  Space  and  Missile  Systems  Organi¬ 
sation  in  1966,  The  experiment  was  conceived  and  designed  by  Mr.  L.  D.  Massle 
of  the  Air  Force  Aero  Propulsion  Laboratory.  Angular  re3p0r.se  measurements 
and  analyses  were  conducted  in  the  Air  Force  Aero  Propulsion  Laboratory  by  Mr. 
G.  M„  Kevern,  Analysis  of  flight  test  data  was  conducted  in  the  Air  Force  Aero 
Propulsion  Laboratory  by  Mr.  G.  ML  liivern  and  Mr.  L.  D.  Massie.  Assistance 
In  the  set-up  of  teat  equipment  and  accumulation  of  prior-to-flight  electrical 
performance  data  on  the  experimental  solar  cell  modules  was  given  by  Mr.  J.  F. 
Wise.  Lt  D.  F.  Prystaloski  and  Mr.  E.  O.  Peltz.  Assistance  was  also  given  by 
Mr,  D.  W.  Ritchie  and  Mr.  R,  F.  Greenwood  of  the  California  Institute  of 
Technology  -  Jet  Propulsion  Laboratory  .'u  module  electrical  performance 
measurements  at  Table  Mountain,  California.  V  e  also  acknowledge  the  cooperation 
of  Mr.  Don  Reynolds  of  the  Aerospace  Research  Laboratory  in  supplying  the 
cadmium  sulfide  modules  and  obtaining  partial  funding  support  from  the  Office 
of  Aerospace  Research. 

Integration  of  the  experiments  into  the  satellites  was  accomplished  through 
the  valuable  assistance  of  Captain  T.  W.  Hoog  of  the  Air  Force  Space  and 
Missile  Systems  Organization  and  Mr.  E.  Raney  of  the  Aerospace  Corporation. 
The  work  of  Mr.  P.  Schuyler,  Mr.  R,  Reszka,  Mr.  R,  Lynn,  Mr.  D.  Miley, 
Mr.  J.  Straube,  and  Mr.  D.  Hennesee  of  the  Lockheed  Missile  and  Space  Company 
in  the  areas  of  experiment  design,  instrumentation,  telemetry,  and  data  acquisition 
is  also  acknowledged. 

This  report  covers  work  accomplished  during  the  period  from  1  June  1965 
through  1  February  1969. 


ii 


AFAPL-TR-69-17 


This  report  was  submitted  by  the  authors  February  1969. 
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ABSTRACT 


This  report  describes  an  experimental  effort  to  determine  solar  cell  degrada¬ 
tion  and  angular  response  in  a  2000  NM  polar  orbit.  Solar  cell  experiments 
Including  five  different  types  of  solar  cells  were  devised  for  each  of  two  Air 
Force  orbiting  vehicles.  The  cell  types  were  dendritic  silicon,  dendritic  silicon 
drift  field,  cadmium  tellurlde  thin  film,  cadmium  sulfide  thin  film,  and  ion 
Implanted  silicon.  The  cells  were  tested  in  a  module  configuration  consisting 
ox  eight,  1x2  centimeter  cells  of  each  type  in  electrical  series. 

The  short  circuit  current  and  open  cirouit  voltage  parameters  were  monitored 
over  a  one  year  period.  The  measured  degradation  was  compared  with  predicted 
degradation  basei  upon  the  Van  Allen  Inner  belt  proton/ electron  model  and  results 
of  accelerator  produced  1  Mev  electron  radiation.  The  total  proton/electron 
environment  In  tlie  2000  NM  polar  orbit  corresponded  to  an  equivalent  1  Mev 
electron  fluenoe  of  7.3  x  10  e/cm  per  year  which  produced  a  prea'cted  power 
degradation  of  38  percent  In  non-drift  field  silicon  cell  types  and  31  percent  in 
silicon  drift  field  types.  Measured  quantities  were  found  to  substantiate  the 
validity  of  the  1  Mev  electron  method  for  predicting  silicon  solar  cell  damage. 
Thin  film  solar  cells  (In  the  configuration  described  In  the  report)  failed  in 
earth  orbit  for  reasons  other  than  radiation  damage.  Thermal  effects  and 
mechanical  delamlnaticn  are  believed  to  be  the  most  likely  reasons  for  their 
failure. 

The  angular  response  of  solar  cells  In  space  agreed  with  angular  response 
measurements  taken  In  the  laboratory  except  for  effects  of  stray  radiation  from 
earthshlne  and  vehicle  reflections.  Angular  response  was  also  determined  to 
be  Independent  of  radiation  damage  level. 


(Tnls  abstract  is  subject  to  special  export  controls  and  each  transmJttal  to 
foreign  go  vein  cents  or  foreign  nationals  may  be  made  only  with  prior  approval 
of  the  Air  Force  Aero  Propulsion  Laboratory,  APIP-2,  Wtlght-Fatterson  Air 
Foroe  Base,  Ohio  45433.) 
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SECTION  1 
INTkOI  jUCTION 


1.  OBJECTIVE 

The  Air  Force  Aero  Propulsion  Laboratory  (AFAPL)  has  completed  the 
analysis  of  data  resulting  from  two  solar  cell  space  experiments  conducted 
in  a  2000  NM  near  circular  polar  orbit. 

The  objectives  of  these  experiments  were  to  demonstrate  the  space  per¬ 
formance  capability  of  new  solar  cell  types,  to  determine  their  potential  spaoe 
environmental  resistance  advantages,  to  define  operational  problems  for  guiding 
future  exploratory  development  efforts,  and  to  define  the  severity  of  the  environ¬ 
ment  with  regard  to  solar  power  plant  operation  in  this  orbit  over  a  one  year 
period. 

2.  BACKGROUND 

The  results  reported  in  this  technical  report  pertain  to  flight  tests  conducted 
on  two  separate  Air  Force  parent  Agena  vehicles.  Each  experiment  was  injected 
into  the  2000  NM  orbit  as  a  tertiary  flight  test  objective  on  an  Atlas  launch/Agena 
boost  -orbital  vehicle.  The  experiments  wer8  conducted  as  joint  SAMSO  (SMUME)/ 
AFAPL  (APIP-2)  efforts.  The  experimental  solar-  cell  (ion  Implanted  silicon, 
cadmium  sulfide  thin  film,  cadmivm  tellur ide  thin  film,  dendritic  silicon  and 
dendritic  silicon  drift  field)  modules  included  in  the  flight  tests  were  products 
of  AFAPL  exploratory  development  programs  in  the  area  of  solar  power. 

3.  EXPERIMENT  CONCEPT 

At  the  time  of  conception  of  these  experiments,  June  1965,  flight  test  data 
on  solar  cell  performance  degradation  in  a  2000  NM  polar  orbit  were  limited. 
Inclusion  of  the  Air  Force  Aero  Propulsion  Laboratory  experiments  on  the  SAMSO 
vehicles  afforded  the  opportunity  to  measure  cell  performance  degradation  as 
a  function  of  time  in  orbit  and  to  compare  the  measured  quantities  with  predicted 
values  based  upon  existing  models  of  the  Van  Allen  radiation  belt. 
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During  the  on-orblt  life  of  the  experiments,  short  circuit  current  (SCC), 
open  circuit  'voltage  (OG  V),  and  temperature  paramenters  were  zns&sured  on  & 
non-interference  with  primary  payload  basis  using  the  command  and  telemetry 
system  of  the  parent  vehicle.  Sun  incidence  angles  were  determined  using  sun 
sensor  and  cor  trot  moment  gyro  rate  information. 

4.  EXPERIMENT  LIMITATIONS 

Certain  mission  related  limitations  were  imposed  on  the  operation  oi  the 
AFAPL  solar  cell  experiments.  Since  link  5  telemetry  over  which  solar  cell 
experiment  data  transmission  occurred  could  not  be  activated  until  Agena  boost 
vehicle  engine  final  shutdown,  no  data  wore  obtained  from  the  Flight  1  (FTV-1) 
experiment  during  the  first  200  revolutions  (23.2  days)  and  no  data  were  obtained 
from  the  Flight  2  (FTV-2)  experiment  during  the  first  20  revolutions  (2.32  days). 
Thus,  on-orbit  performance  data  upon  orbit  injection  and  radiation  damage  data 
immediately  subsequent  to  orbit  injection  were  not  obtained. 

A  further  restriction  or.  the  acquisition  of  data  was  that  sun  incidence  on 
the  experiment  panels  (which  were  rigidly  mounted  upon  earth-oriented  vehicles) 
had  to  occur  in  oonjunotion  with  activated  link  5  telemetry  and  within  tracking 
station  data  acquisition  range.  This  restriction  resulted  in  the  accumulation  of 
considerable  data  at  very  large  sun  incidence  angles.  Much  of  this  datx  was 
discarded  because  of  difficulties  encountered  in  validly  correcting  the  data  07er 
a  wide  range  of  Incidence  angles  due  to  earthehine  and  vehicle  reflections. 

Regardless  of  the  existence  of  dual  pane)  eon  each  vehicle,  only  a  single  panel 
was  illuminated  at  any  given  time,  with  the  periods  of  panel  illumlnation/panel 
shadowing  alternating  at  six  month  Intervals,  as  the  earth  moved  between 
conjugate  points.  Thus,  no  direct  on-orbit  performance  comparisons  between 
panels  eould.  be  made. 
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SECTION  n 

SPACE  EXPERIMENT 

1.  EXPERIMENTAL  PANELS 


Each  flight  vehicle  carried  two  space  experiment  panels,  one  mounted  on  the 
-Y  arm  array  and  one  mounted  on  the  +Y  arm  array.  Each  experiment  panel 
Included  one  eacii  of  the  following  solar  cell  modules: 


Designation 


ISBS 


Manufacturer 


VVN 

WD 

GE 

AR 

IP 


Dendritic  Silicon 
Dendritic  Silicon  Drift  Field 
Cadmium  Telluride  Thin  Film 
Cadmium  Sulfide  Thin  Film 
Ion  Implanted  Silicon 


Westinghouse 
Westinghouse 
Genera]  Electric 
Clevite 
Ion  Physics 


A  photograph  of  the  FTV-1  solar  cell  space  experiment  panel  configuration 
Is  shown  in  Figure  1.  The  unit  shown  la  the  qualification  test  panel  S/N  001  prior 
to  qualification  testing.  The  modules  from  the  top  of  the  photograph  to  the  bottom 
are  ae  follows:  Ion  Physics  Corporation  Ion  implanted  silicon  (IP  series), 
Clevite  Corporation  cadmium  sulfide  thin  film  (AR  series).  General  Electric 
Company  cadmium  telluride  thin  film  (GE  series),  Westinghouse  dendritic 
silicon  drift  field  (WD  series),  and  Westinghouse  dendritic  silicon  (WN  series). 
The  IP,  AR,  GE,  WD,  and  WN  designations  are  used  to  simplify  reference  to 
the  specific  module  types. 


Each  flight  module  consists  of  8  series-connected  1x2  cm  solar  cells 
bonded  to  1 0  mil  thick  metal  substrates  with  RTV-41  adhesive.  Silicon  module 
substrates  are  Kovar.  Thin  film  module  substrates  are  molybdenum.  Individual 
cell  substrate  dimensions  are  4  cm  x  12  cm  which  allows  ample  area  for  cell 
plncsment  and  edge  attachment  to  the  Lockheed  Missile  and  Space  Company 
(LIi'VC)  14  Inch  x  17  Inch  magnesium  space  experiment  panel.  The  panel  haa 
j.7  cm  x  10.6  cm  cutouts  over  which  the  call  modules  are  placed.  Electrical  leads 
from  the  modules  are  brought  out  through  the  cutouts  and  connected  to  the 
appropriate  terminal  posts  on  the  backside.  A  single  temperature  sensor  is 
positioned  on  the  dendritic  silicon  drift  field  module. 
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Figure  1.  Photograph  of  AFAPL  Solar  Cell  Space  Experiment 
Qualification  Test  Panel  (Prior  to  Testing) 
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Figure  2  shows  the  location  of  the  A  FA  PL  Solar  Cell  Space  Experiment  on 
the  vehicle  forward  solar  arrays.  One  experiment  panel  Is  located  on  the  -Y 
arm  array  and  another  panel  on  the  +Y  arm  array.  This  redundant  approach  was 
taken  to  insure  that  some  data  would  be  obtained  In  the  event  one  or  the  other 
experiment  panels  failed  to  survive  orbit  injection. 

2.  SOLAR  CELL  CHARACTERISTICS 

Since  the  planned  orbits  for  both  Flights  1  and  2  would  carry  the  AFAPL 
experiment  through  the  magnetosphere  near  the  center  of  the  inner  Van  Allen 
radiation  bolt,  It  was  necessary  to  shield  the  silicon  cell  types  to  prevent 
rapid  degradation  from  low  energy  protons.  Six  mil  thick  glass  shields 
(.04  grams/cm  )  were  placed  on  all  silicon  solar  cells  with  RTV  602  adhesive. 
'■Jo  special  shielding  was  provided  for  thin  film  cells  other  than  that  resulting 
from  the  nature  of  construction  of  the  cells  themselves.  Cadmium  tellurlde 
colls  composing  the  GE  modules  were  sprayed  with  a  .5  mil  Krylon  protective 
overlay.  Clevlte  cadmium  sulfide  cells  composing  the  AR  modules  were  en¬ 
capsulated  with  1  mil  Kapton  plastic  as  a  standard  construction  technique. 

Silicon  cell  types  were  all  of  the  N  on  P  type  construction.  The  6-10 
ohm-cm  dendritic  webb  silicon  starting  material  and  the  ion  implanted  silicon 
starting  wafers  were  in  the  12  -  14  mil  thickness  range  with  completed  ceils 
having  .3  to  .5  micron  junction  depths  and  solder  dipped  contacts.  Silicon  module 
air  mass  zero  efficiencies  at  28*C  were  7-8  percent  for  the  WD  (dendritic 
silicon  drift  field)  modules,  and  8-9  percent  for  the  \VN  (dendritic  silicon) 
and  IP  (ion  Implanted  silicon)  modules. 

Thin  film  cell  composition  consisted  of  1  mil  N-type  cadmium  sulfide  and 
cadmium  tellurlde  film  on  1  mil  molybdenum  metal  base  material  In  the  case 
of  AR  modules  and  GE  modules  respectively.  Copper  sulfide/cadmium  sulfide 
and  copper  telluride/cadmium  tellurlde  P  on  N  heteroj unctions  were  formed  by 
the  cuprous  ion  immersion  technique.  In  the  cadmium  sulfide  cells,  a  mechanical 
screen  grid  P-layer  contact  was  used  without  an  intervening  conductive  bond  in 
the  case  of  Flight  1  modules  and  with  an  intervening  conductive  bond  in  the 
case  of  Flight  2  modules.  Cadmium  tellurlde  cell  contacting  consisted  of  gold 
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Figure  2.  Solar  Cell  Experiment  Location  on  Flight  Test  Vehicle 
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fingers  and  bus  bar  formed  by  vacuum  evaporation  through  a  metal  mask.  Series 
connections  between  cadmium  teiluride  cells  were  accomplished  by  shingling* 
using  Epoxy  Products,  tic.,  3026  adhesive  for  the  conductive  bond.  Thin  film 
module  air  mass  zero  efficiencies  at  28*C  were  2  to  3  percent  for  the  QE 
(cadmium  teiluride)  modules  and  3  to  4  percent  for  the  AR  (cadmium  sulfide) 
modules. 

3.  CELL  TEMPERATURE  EFFECTS 

Since  solar  cell  short  circuit  current  and  open  circuit  voltage  vary  with 
temperature,  it  was  recognized  that  all  flight  data  would  have  to  be  corrected 
for  temperature.  Test  data  for  the  various  cell  types  were,  therefore,  obtained 
from  each  manufacturer.  From  these  data,  short  circuit  currents  and  open 
circuit  voltages  relative  to  the  100'F  values  were  calculated,  and  are  plotted  in 
Figures  3  through  6.  (Preliminary  analysis  of  flight  data  indicated  that  the  most 
useful  data  were  at  or  near  50*  solar  Incidence,  and  the  associated  steady  state 
temperature  of  approximately  100*F). 

During  the  flight  experiments,  temperature  was  measured  at  only  one  point 
on  the  experiment  panel.  This  point  was  directly  behind  the  WD  module.  This 
one  temperature  measurement  is  considered  adequate  for  all  cell  modules 
during  steady-state  conditions,  but,  unfortunately,  steady  temperatures  were 
seldom  attained,  due  to  the  frequent  passage  of  shadows  over  the  panel.  The 
reported  temperatures  must,  therefore,  be  regarded  as  approximate  for  all 
modules  other  than  the  WD  module. 

4.  PRE-FLIGHT  EVALUATION 

Pre-flight  module  evaluation  was  conducted  to  determine  the  electrical 
performance  characteristics  of  each  flight  module  at  normal  radiation  incidence, 
the  change  in  characteristics  as  a  function  of  varying  incidence  angle,  and  module 
suitability  for  flight  through  qualification  testing  (in  the  flight  panel  configuration) 
to  the  vehicle  launch  and  operating  environmental  specifications. 

Evaluation  of  modules  for  voltage-current  characteristics  under  normally 
incident  sunlight  was  accomplished  at  Table  Mountain,  California,  by  special 
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arrangements  with  the  Jet  Propulsion  Laboratory  of  the  California  Institute  of 
Technology,  A  summary  of  performance  of  all  modules  based  upon  this  data 
is  shown  in  Table  L  Similar  data  were  also  obtained  at  AFAPL,  using  a  carbon 
arc  solar  simulator.  Due  to  carbon  arc  fluctuations,  the  Table  Mountain  data 
were  considered  to  be  more  accurate  and  are  used  as  a  basis  for  all  flight 
data  analysis. 

Since  space  experiment  data  on  flight  modules  would  be  accumulated  at 
varying  angles  of  incidence,  it  was  essential  to  know  the  telemetered  electrical 
parameters  (short  circuit  current  and  open  circuit  voltage)  as  a  function  of 
incidence  angle.  Without  knowledge  of  these  relationships  It  would  be  Impossible 
to  correct  data  to  normal  Incidence  conditions.  Determination  of  these  relation¬ 
ships  was  accomplished  at  AFAPL  using  a  carbon  arc  simulator  in  September 
1965,  and  using  an  X-25  solar  simulator  from  October  1967  to  October  1968 
(See  Section  111). 

The  vehicle  contractor  (LMSC)  was  responsible  for  conducting  qualification 
testa  on  the  S/N  001  qualification  test  panel  as  follows: 

Vibration  Test: 

1.  Random:  fi  minutes  of  random  vibration  were  applied  at  the 
following  levels  In  all  3  mutually  perpendicular  axes. 

14  -  400  CPS  at  .07  g2/CPS 
400  -  200  CPS  at  .13  g2/CPS 

2.  Sinusoidal:  10  minute  low  level  vibration  sweep  at  approximately 
1/2  g  followed  by  a  vibration  sweep  at  a  sweep  rate  of  3  minutes  per  octave  at 
the  following  levels  in  all  3  mutually  perpendicular  axes. 

5-14  CPS  at  .5"  double  amplitude 
14  -  400  CPS  at  5.0  g 
400  -  2000  CPS  at  7.5  g 
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Acceleration  Teat: 

11.0  g*s  -  two  axes 
2.5  g’s  -  one  axis 

Shook  Teat: 


5  minute  duration 


Three  shocks  of  30  g’s  and  8  milliseconds  oration  in  each  of  the 
S  mutually  per]  endioular  axes. 

Tranaporatlon  and  Storage  Teat: 

1.  Ambient  to  +160*F  in  45  minute  period. 

2.  Maintained  at  160’F  for  4  hour  period. 

3.  Reduced  to  -65“F  over  2.5  hour  period. 

4.  Maintained  at  -65*F  for  8  hour  -ci  iod. 

5.  Pressure  reduced  to  87  Tor?  ■'  maintained  10  minutes. 

6.  Pressure  and  temperature  then  returned  to  room  ambient. 

Humidity  Test: 

1.  Temperature  of  experiment  panel  increased  from  room  ambient  to 
+14Q*F  over  a  2  hour  period. 

2.  Maintained  at  +140*F  and  S5%  relative  humidity  for  6  hours. 

3.  Temperature  then  reduced  linearly  to  room  ambient  In  a  16  hour 

period. 


High  Temperature  -  Low  Pressure  Test: 

1,  Experiment  panel  temperature  was  raised  from  room  ambient  to 

—3 

+175*F  at  7.5*F  per  minute  under  subatmospheric  pressure  of  10  torr. 

2,  Temperature  level  of  175*F  was  maintained  for  2  hours. 
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Low  Temperature  Tests 

1.  Experiment  panel  temperature  was  reduced  to  ~170*F  at  the  following 

rates: 

Room  ambient  to  -60°F  at  2.4*/minute 
-60'F  to  -HOT  at  2.5*/minute 
-HOT  to  -170T  at  l.OT/mlnute 

'i.  Panel  was  maintained  at  -170T  for  24  hours  and  then  returned 
to  room  temperature. 

Temperature  Cycling  Test: 

Step  I  -  From  room  ambient  to  +110T  over  a  10-minute  period  and 
maintained  at  +11 OT  for  15  minutes. 

Step  II  -  From  +110T  over  a  75-minute  period  and  maintained  at 
-HOT  for  15  minutes. 

Step  III  -  From -HOT  to  +110Tover  a  35-minute  period  and  maintained 
at  HOT  for  15  minutes. 

Step  IV  -  Steps  II  and  in  were  repeated  two  times. 

Step  V  -  From  +11  OT  to  room  ambient  temperature  over  a  period  cf 
10  minutes. 

Figure  7  shows  the  condition  of  the  qualification  test  panel  upon  completion 
of  the  above  qualification  teats.  As  can  be  seen,  the  centrally  located  GE 
(cadmium  tellurlde)  cell  strip  has  lifted  from  the  molybdenum  substrate  with 
attendant  electrical  discontinuity.  Although  not  apparent  from  the  photograph, 
the  AR  (cadmium  sulfide)  substrate  has  partially  separated  from  the  magnesium 
experiment  panel  and  while  still  responsive  electrically,  the  open  circuit 
voltage  la  only  65  percent  and  the  short  circuit  current  only  27  percent  of 
original  specified  values.  Only  minor  damage  was  incurred  by  silicon  module  s„ 
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Figure  7.  Photograph  of  Sclar  Cell  Experiment  Panel  Following 
Qualification  Test 
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Tables  II  and  in  summarize  the  visual  and  electrical  defects  observed  in 
the  modules  upon  completion  of  each  aspect  of  the  qualification-test  program. 
Since  proper  electrical  operation  of  flight  modules  was  not  a  requirement  for 
qualification,  and  since  no  material  completely  left  the  panel  during  the  tests, 
the  experiment  was  considered  to  be  qualified  for  flight  on  a  non-interference 
basis. 

5.  SOLAR  CONSTANT 

Since  the  orbit  of  the  earth  around  the  sun  is  an  ellipse  with  the  sun  at  one 
focus,  the  earth-sun  distance  varies  continuously  as  the  earth  traverses  its 
orbital  path.  With  respect  to  the  calendar,  the  maximum  earth-sun  distance 
(94.4  million  miles)  occurs  early  in  July  and  the  minimum  earth-sun  distance 
(91.3  million  miles)  occurs  early  in  January.  The  variations  from  one  year  to 
another  are  negligible,  hi  general,  the  distance  between  the  earth  and  sun  is  given 
by: 

D  =  K  |1  ~  «  cos  -] 


Where  D  is  the  earth-sun  distance 

K  is  the  mean  earth-sun  distance  (92.9  million  miles) 
e  is  the  eccentricity  of  earth’s  orbit  (.0167330) 
t  is  the  minimum  number  of  days  from  1  January 
Y  la  the  length  of  the  year  In  days  (365.2563) 

Thus,  the  earth-sun  distance  can  be  calculated  at  any  point  in  the  earth’s  orbit. 


The  solar  constant  Is  defined  as  the  radiant  power  delivered  by  the  sun 

outside  the  earth’s  atmosphere  at  earth’s  mean  distance  (92.9  million  miles) 

o 

from  the  sun.  The  value  of  the  solar  constant  is  140  mw/cm  .  This  value 
increases  as  the  earth  approaches  perihelion  and  diminishes  as  the  earth 
approaches  aphelion.  The  value  at  any  point  in  the  earth’s  orbit  is  gb^n  by  the 
inverse  square  law: 


fi 
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Lead  wire  broken  off  at  terminal  post  folder  junction 
Individual  lead  wire  strands  broken  at  terminal  post  junction 
One  bumper  pod  detached 
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Where: 

H  Is  the  value  of  the  solar  oonatant  at  known  distance  D 
o  o 

Is  the  unknown  value  (or  value  to  be  calculated)  at  distance  Dx 

Thus,  the  value  of  the  solar  constant  can  be  calculated  at  any  point  in  the  earth’s 

orbit  corresponding  to  any  given  calendar  date.  Figure  8  shows  the  yearly 

variation  of  the  solar  constant  relative  to  the  value  (140  mw/  2)  at  the  mean 

cm 

earth-sun  distance.  As  can  be  seen,  the  value  varies  from  approximately 
2  2 

136  mw/cm  at  aphelion  (July)  to  145  mw/cm  at  perihelion  (January).  For 
purposes  of  solar  cell  space  experiment  data  analysis,  this  variation  In  solar 
constant  causes  negligible  changes  in  open  circuit  voltage,  but  causes  pro¬ 
portionate  changes  In  short  circuit  current.  All  short  circuit  current  flight 

2 

data  were,  therefore,  corrected  to  140  mw/cm  ,  using  Figure  8. 

6.  FLIGHTS  1  AND  2 

Flight  Test  Vehicle  1  (FTV-1)  booster  ignition  occurred  at  12:30  PM  pacific 
daylight  savings  time  on  19  August  1966,  The  vehicle  achieved  nominal  orbital 
parameters  of  2011,55  N.M  apogee  and  1994.89  N  M  perigee  at  an  orbit  plane 
to  equatorial  plane  inclination  of  90.15  degrees.  The  corresponding  orbital  period 
for  FTV-1  was  167.56  minutes. 

Second  stage  booster  (SSB)  shut  down  did  not  occur  until  8  September  1966. 
Since  link  5  telemetry  over  which  solar  cell  experiment  data  transmission 
occurred  could  not  be  activated  until  SSB  shut  down,  no  data  were  obtained  from 
the  Flight  1  experiment  during  the  first  200  revolutions.  Link  5  telemetry 
activation  occurred  on  FTV-1  revolution  196  and  proper  operation  of  the  AFAPL 
experiment  was  verified.  The  first  useful  data  were  obtained  in  an  active  pass 
over  the  New  Hampshire  Tracking  Station  (NHS)  on  the  213th  revolution. 
Additional  NHS  data  transmissions  occurred  until  revolution  1095  when  link 
5  telemetry  failure  occurred  on  16  January  1967.  The  FTV-1  experiment, 
therefore,  covered  a  total  in-orbit  time  of  127.4  days.  Only  -Y  arm  data  was 
obtained  during  Flight  1,  as  sun  incidence  in  conjunction  with  activated  link 
5  telemetry  and  within  tracking  station  data  acquisition  range,  occurred  only  on 
the  -Y  arm  forward  solar  array. 
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Figure  8.  Yearly  Variation  of  the  Solar  Constant 
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Flight  Test  Vehicle  2  (FTV-2)  was  launched  on  4  October  1066.  The  vehicle 
achieved  nominal  orbital  parameters  of  2002.64  NM  apogee  and  1992.57  NM 
perigee  at  an  orbit  plane  to  equatorial  plane  Inclination  of  90.17  degrees.  The 
corresponding  orbital  period  for  FTV-2  was  167.61  minutes.  Useful  data  were 
obtained  for  the  -Y  arm  modules  from  revolutions  21  to  1542,  and  from  revolu¬ 
tions  1566  to  3072  for  the  +Y  arm  modules,  corresponding  to  358  days. 

The  Flight  2  experiment  was  terminated  on  13  October  1967,  when  the  vehicle 
experienced  a  major  attitude  perturbation.  The  condition  grew  progressively 
worse,  and  on  16  October  1967,  the  vehicle  was  reported  to  be  out  of  control 
and  tumbling.  Ground  station  fixes  on  the  vehicle  telemetry  transmissions 
oould  not  be  maintained  sufficiently  long  to  obtain  further  AFAPL  solar  oell 
space  experiment  data. 

7.  FLIGHT  DATA  ANALYSIS 

Telemetry  end  to  end  transmission  errors  were  of  the  order  of  five  percent. 
Experiment  raw  data  was  recorded  on  magnetic  tape  during  active  passes  over 
tracking  stations.  These  recordings  were  subsequently  shipped  to  Lockheed 
Missiles  and  3pace  Company  for  reduction  by  oomputer.  Analysis  of  reduced  data 
at  AFAPL  was  conducted  manually  using  the  computer  listings  provided  by 
Lockheed.  Figure  9  shows  a  single  page  of  reduced  data  from  a  66  page  listing 
for  Flight  2  revolution  number  574.  This  page  was  selected  for  exemplification 
because  it  shows  open  circuit  voltage  as  well  as  short  circuit  current  data. 
Since  short  circuit  current  is  most  affected  by  radiation,  the  experiment  wus 
geared  primarily  to  measurement  of  this  parameter  at  vehicle  system  time 
Intervals  of  one  seoond.  The  oommaud  for  module  open  circuit  voltage  readout 
was  generated  at  vehicle  system  time  intervals  of  200  seconds.  The  approximate 
ratio  of  total  short  circuit  current  readings  to  total  open  clroult  voltage  readings 
was  approximately  30  to  1.  The  duration  of  experiment  “on  time”  during  active 
passes  varied  from  approximately  10  to  30  minutes. 

Preliminary  Inspection  of  all  flight  data  indicated  that  an  incidence  angle 
of  50*,  and  the  corresponding  average  temperature  of  100*F,  should  be  selected 
as  the  basis  for  detailed  data  analysis.  A  smaller  Incidence  angle  could  not 
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Figure-  9.  Semple  Telemetry  D»t«  P*ge,  Flight  2,  Rerolutlon  574,  -T  Arm 
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be  selected,  since  all  short  circuit  data  exceeding  33  ma  for  silicon  modules 
and  17  ma  for  thin  film  modules  had  to  be  discarded  because  of  inatruinen- 
IMion/telemetry  circuit  saturation.  All  data  obviously  affected  by  shadowing  of 
a  portion  of  a  module  were  also  discarded. 

During  initial  analyses,  efforts  were  made  to  correct  all  data  to  0°  incidence. 
These  efforts  were  abandoned  because  insufficient  information  was  available  to 
correct  the  error  introduced  by  reflections  from  the  vehicle  surface  and  the 
earth’s  albedo.  (This  effect  apparently  varied  from  0  to  30%  of  the  short  circuit 
current,  as  discussed  in  Section  III). 

Final  analysis  of  short  circuit  current  data  was,  therefore,  accomplished 
as  follows: 

1.  Whenever  possible,  for  each  recorded  revolution,  the  short  circuit 
for  each  module  at  exactly  50°  incidence  was  extracted.  Since  one 
or  two  modules  would  usually  be  partially  shadowed,  the  unshadowed 
data  nearest  to  50°  incidence  was  selected  fer  these  modules,  and 
corrected  to  50'  incidence,  using  the  cosine  law.  (Data  points  not 
within  50"  *  5"  were  discarded.) 

2.  The  selected  current  values  were  corrected  to  100°F,  using  Figure  3, 
4,  5  or  6,  as  applicable. 

2 

3.  The  current  values  were  then  corrected  to  140  mw/em  ,  using 
Figure  8. 

4.  The  above  values  were  then  converted  to  percent,  by  dividing  by 
the  corresponding  preflight  50°  incidence  value.  The  0°  prefllght 
value  was  obtained  from  Table  I,  and  corrected  to  50"  incidence  at 
100*F,  using  the  appropriate  curves  in  Figures  3  through  6  and 
12  through  18. 

Open  circuit  voltage  data  points  for  final  analysis  were  also  selected  and 
corrected  In  accordance  with  the  abore  procedure,  except  that  the  soiar  constant 
and  incidence  angle  corrections  were  found  to  be  negligible  and  were  omitted. 
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For  purposes  of  data  analysis  it  was  assumed,  that  angular  response  and 
temperature  coefficients  of  the  various  modular  types  were  Independent  of 
radiation  damage  level.  It  was  also  assumed  that  all  Illuminated  modules  were 
at  the  same  temperature  as  the  illuminated  WD  module  with  the  temperature 
sensor.  All  data  taken  during  partial  or  complete  shading  of  the  WD  module  was? 
ignored.  These  simplifying  assumptions  should  cct  result  in  large  discrepancies 
1l  the  results. 
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SECTION  III 

ANGULAR  RESPONSE 


Tnn  mifT 

#  nvc. 

This  investigation  was  performed  to  determine  the  angular  response 
information  required  for  proper  analysis  of  the  data  obtained  during  Flights  1 
and  2  of  the  joint  AFAPL  -  SAMSO  Solar  Cell  Space  Experiment.  This  neces¬ 
sitated  correlation  of  data  obtained  during  both  laboratory  and  space  tests  of  the 
five  types  of  solar  cell  modules  which  were  included  in  the  space  experiment. 

The  objective  of  the  space  experiment  was  to  determine  long  term  (1  year) 
degradation  In  a  2000  nautical  mile  polar  orbit,  of  the  five  types  of  experimental 
solar  cells.  Unfortunately,  air  data  were  obtained  during  continuously  varying 
solar.  Incidence  angles,  as  the  vehicle  was  earth  oriented.  Results  of  the  space 
experiment  were  found  to  be  critically  dependent  upon  angulfir  response  so  final 
analysis  of  the  data  from  the  space  experiment  was  deferred  pending  completion 
of  tbs.  angular  response  investigation  reported  herein. 

I«  addition  to  many  other  preflight  and  qualification  tests  (see  Section  II) 
Toit-amper’e  curves  were  obtained  at  AFAPL  In  September  1965  for  one  module 
of  each  type  at  0®,  10°,  20®,  30®,  40®,  50®,  60®,  and  70®  angles  of  incidence,  using 
a  carbon  arc  solar  simulator,  an  electronic  load,  and  an  X-Y  plotter.  Unfortu¬ 
nately,  due  primarily  to  stray  reflections  in  the  test  area  and  rapid  fluctuations 
hs  the  carbon  arc,  angular  response  characteristics  calculated  from  these  curves 
wore  found  to  be  of  questionable  value.  A  more  detailed  investigation  of  angular 
response  characteristics  wat  therefore  conducted  at  AFAPL  during  the  period 
from  October  1967  to  October  1968,  concurrently  with  analysis  of  telemetered 
data  from  Flights  1  and  2. 


2.  LABORATORY  ANGULAR  RESPONSE  TESTS 

Starting  In  October  1967,  a  surplus  automatically  recording  photometric 
system  was  modified  and  utilized  for  angular  response  tests.  This  modified 
system  includes: 

(1)  A  goniometer  with  360®  horizontal  and  vertical  movements,  accurate 
to  ±0.1*. 
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(2)  A  continuous  curve  recording  xnicroammeters  wim  a  10"  scale. 

(3)  Decade  resistance  boxes  to  provide  any  desired  scale  factor  for  the 
recorder,  and  any  desired  load  for  the  solar  cell  or  module  under  test. 

(4)  Electrical  synchronization  of  goniometer,  recorder  paper  drive,  and 
variable  speed  system  driving  motor. 

(5)  Shroud  and  baffles  to  eliminate  reflections  and  stray  room  light. 

(6)  Water-cooled,  temperature-controlled  mounting  block  for  cell  or 
module. 

(7)  Hollow  shaft-cross  hair  arrangement  to  permit  accurate  alignment  of 
module  surface  with  goniometer  axes  of  rotation. 

The  spare  and  qualification  modules  which  were  still  operable  were  tested 
with  the  carbon  arc  simulator  in  an  attempt  to  duplicate  preflight  test  results. 
Because  of  carbon  arc  fluctuations,  reproducible  curves  could  not  be  obtained. 

Curves  were  also  obtained  using  readily  available  28  volt,  1000  watt, 
PAR-64  aircraft  landing  lamps  (General  Electric  #4615)  connected  to  a  regulated 
power  source.  Curves  obtained  while  using  one  of  these  lamps  as  a  solar 
simulator  showed  no  fluctuations,  and  were  exactly  reproducible.  Comparison  of 
these  curves  with  those  obtained  at  a  later  date,  using  the  same  modules  and  an 
X-25  solar  simulator  showed  that  the  difference  In  spectral  distribution  produced 
no  noticeable  change  in  angular  response,  under  either  short  circuit  or  open 
circuit  conditions. 

All  laboratory  data  utilized  for  this  report  were  obtained  using  an  X-25 
simulator  borrowed  by  AFAPL  in  January  1968.  (Spectrolab  Model  X-25, 
Serial  #112,  with  a  2500  watt  Xenon  short  arc  lamp.)  The  simulator  was  adjusted 
to  pro  vide  140  mw/cm  on  the  module  surface,  as  measured  by  calibrated 
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standard  silloon  solar  colls.  Angular  response  curves  similar  to  Figures  10  and 
11  were  automatically  drawn  for  each  module,  under  short  circuit,  open  circuit, 
and  load  conditions,  using  the  following  procedures : 

(1)  Illuminate  the  module  at  0*  incidence,  14G  mw/cm2,  30-35*C. 

(2)  Set  decade  boxes  to  provide  desired  module  load,  and  approximately 
9.5"  recorder  deflection. 

(3)  Operate  recorder  at  paper  speed  of  1 "  per  minute  to  demonstrate  that 
module  output  is  stable. 

(4)  Set  goniometer  at  -90*  incidence,  and  synchronize  goniometer  and 
recorder. 

(5)  Rotate  goniometer/reoorder  system  at  10°  per  minute  from  -90*  to 
0*  to  +90*  incidence,  reverse,  and  rotate  back  to  -90*  incidence. 

The  procedure  demonstrates  module  stability  and  data  reproducibility  and 
provides  four  data  points  for  each  incidence  angle,  which  were  then  averaged  to 
minimize  systematic  errors,  such  as  the  decrease  in  surface  temperature  as 
incidence  angle  Is  increased.  The  averaged  values  were  then  plotted  in  final 
angular  response  curves  for  each  module  as  shown  In  Figures  12  through  16, 
Since  all  available  GE  and  Aft  modules  had  seriously  deteriorated,  data  were 
obtained  for  two  representative  individual  oells  In  good  condition,  see  Figures  17 
and  18.  It  is  interesting  to  note  that  the  short  circuit  curves  for  the  deteriorated 
modules  GE-6  and  AR-7,  Figures  14  and  15,  resemble  the  maximum  power 
curves  for  good  individual  cells.  Figures  17  and  18.  The  shapes  of  the  short 
circuit  angular  response  curves,  therefore.  Indicate  that  Modules  GE-6  and 
AR-7  now  have  high  internal  resistance.  This  a  confirmed  by  the  voltage-current 
characteristics  of  these  modules.  II  is  also  evident  that  the  shape  of  the  angular 
response  curve  for  any  module  or  cell  is  determined  by  the  sum  of  the  internal 
module  or  cell  resistance,  and  the  external  load  resistance.  The  limiting  shapes 
are,  of  course,  the  true  short  circuit  and  open  circuit  curves. 
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Figure  10.  Sample  Original  Data,  Angular  Response,  Module  WD-1 
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Figure  11.  Sample  Original  Data.  Angular  Response,  Module 
Open  Circuit  Voltage,  With  X-25  Solar  Simulator 
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Figure  12.  Module  WN-1,  Angular 
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Module  WB-1,  Angular  Response,  With  X-25  Solar  Simulator 
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Figure  16.  Module  IP-1,  Angular  Response,  With  X-25  Solar  Simulator 
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CdTe  Cell  Nr.  L464-S,  Angular  Response,  With  X--25 
Solar  Simulator 
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Figure  18.  CdS  Cell  Nr.  8,  Angular  Response,  With  X-25  Solar 
Simulator 
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WN,  WD,  GE,  and  IP  module  output  remained  stable,  but  AH  module  short 
circuit  current  Increased  appreciably  during  the  first  few  minutes  of  illumination 
as  shown  in  Figure  19.  This  change  was  temporary  and  repeatable;  initial  output 
was  restored  after  tho  cell  had  been  covered  for  several  houru.  This  change  was 
too  great  ar.d  too  slow  to  be  directly  caused  by  charges  in  module  surface  tem¬ 
perature  which  were  small  because  the  module  was  mounted  upon  a  large  tem¬ 
perature-controlled  metal  block.  Curves  similar  to  Figure  19  for  the  other 
modules  showed  an  immediate  rise  In  current  to  the  final  value. 

3.  MODULE  PERFORMANCE  CHARACTERISTICS 

While  still  mounted  and  ill  er.; '.natch  as  described,  each  module  and  cell 
was  connected  to  an  automatic  electronic  lord  and  X-Y  plotter.  The  r<  suiting 
voltage-current  characteristic  curves  are  shewn  in  Figures  20  through  26, 
Figures  20,  21,  and  24  show  ty»  'cal  V-I  curves  for  silicon  n  odules  in  good 
condition.  Figures  22  and  23  show  serious  deterioration,  approximately  50%  in 
short  circuit  current  and  20%  In  o;ra  circuit  voltage,  of  the  thin  film  modules 
during  2  1/2  years  laboratory  storage  ax!  testing. 

4.  SPACE  ANGULAR  RESPONSE  DATA  ANALYSIS 


Data  sets  were  received  for  about  60  of  the  3072  revolutions  made  by  the 
Flight  2  vehicle.  A  sample  data  page  is  shown  in  Fivu  *c  9.  ?5:.v  data  set  (Rev¬ 
olution  650,  -Y  arm)  covering  the  greatest  range  ci  incidence  was  s  elected 

for  detailed  analysis.  Short  circuit  data  2*  me rieroo  at  gin  tsU\- ?ala,  and  all 

open  circuit  data,  were  extracted  &qzi  this  di.ta  sc'*;  and  coi  iV'OUxi  to  r00*F  and 
,  2 

140  mw/cm  .  All  short  circuit  data  exceeding  ma  for  silicon  modules  rud 
17  ma  for  thin  film  modules  had  i>:  bo  Citecurfed  because  oi  instrumentation, 
telemetry  circuit  saturation.  All  cU -\i  vc.louuVy  affected  by  shadowing  of  a 
portion  of  a  module  were  also  discaraed,  <  'orrcctea  short  circuit  values  for 
each  module  were  then  plotted  against  the  laboratory  short  circuit  value  for  the 
same  incidence  angle  and  module  of  the  same  type,  as  shown  tn  Figures  27 
through  31. 
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Figure  19.  Short  Circuit  Current  Instability,  Module  AR-7,  With  X-25 
Solar  Simulator 
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Figure  20.  Module  WN-l,  V-I  Curves,  With  X-25  Solar  Simulator 


40 


MILLIAMPERES 


AFAPL-TR-69-17 


Figure  23.  Module  AR-7,  V-I  Curves,  With  X-2f>  Solar  Simulator 
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Figure  24.  Module  IP-1,  V-I  Curves,  With  X-2E>  Solar  Simulator 
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VOLTS  FOR  THE  X-AXIS 

r-’i^ure  25,  CdTe  Ceil  Nr.  L464  8,  V-I  Curves,  With  X-25  Solar 
Simulator 
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PERCENT  SHORT  CIRCUIT  CURRENT,  MODULE  WN-l,X-25  SIMULATOR 
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PERCENT  SHORT  CIRCUIT  CURRENT,  MODULE  WD-I,  X  -  25  SIMULATOR 


Figure  28.  Module  WD-2,  Angular  Response  in  Spaee  vs  Simulator 
Angular  Response 
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PERCENT  SHORT  CIRCUIT  CURRENT,  MODULE  IP-i.X-25  SIMULATOR 
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The  data  points  In  Figures  27  through  31  lie  reasonably  well  on  a  straight 
line  which  does  not  pass  through  the  origin.  This  indicates  that  the  spuce  short 
circuit  angular  response  for  each  module  is  similar  to  the  laboratory  angular 
response,  except  for  the  effect  of  reflected  radiation  from  vehicle  surfaces  a  id 
earth’s  ai.Hjdo.  If  it  is  assumed  that  this  similarity  extends  over  all  angles  of 
incidence,  short  circuit  values  for  0*  and  90*  incidence  may  be  determined  by 
straight  line  extrapolation.  Using  both  corrected  data  points  and  extrapolated 
points.  Figures  32  through  36  were  plotted  to  show  space  angular  response  for 
each  module.  These  curves  Indicate  that  the  reflected  illumination,  as  determined 
by  short  circuit  current  extrapolation  to  90*  Incidence,  Is  between  13  and  29% 
of  the  total  Illumination  as  determined  by  short  circuit  current  extrapolation  to 
0*  incidence. 

Lines  similar  to  Figure  28  were  plotted  for  the  WD  modules  on  botn  arms 
of  the  Flight  2  vehicle  for  all  available  data  sets.  Results  were  similar  in  all 
cases,  except  for  considerable  variation  (0  to  21%  of  total  illumination)  in  the 
magnitude  of  reflection  tmeoia.  The  results  obtained  for  module  WD-4  after 
358  days  in  orbit  (revolution  3072,  +Y  arm)  are  typical,  and  are  presented  in 
Figures  37  and  3S. 

5.  LABORATORY  ANGULAR  RESPONSE  RESULTS 

2 

When  accurately  tested  with  an  X-25  solar  simulator  at  140  mw/em  ,  the 
angular  response  curvee  for  all  modules  in  good  condition,  and  the  cadmium 
telluride  and  cadmium  sulfide  individual  cells,  were  basically  similar,  and  had 
the  following  characteristics  in  common  (See  Figures  12,  13,  16,  17,  and  18): 

(a)  The  short  circuit  is  proportional  to  the  cosine  of  the  angle  of  incidence 
from  0’  to  50*  Incidence,  From  50’  to  90*  incidence,  the  short  circuit 
current  is  slightly  less  than  proporti  >nal  to  the  cosine,  probably  due 
to  specular  reflection  losses  from  the  cover.  (Silicon  cells  had  )  mil 
glass  covers,  CdS  cells  were  encapsulated  with  1  mil  Kapton,  and  CdTe 
cells  were  sprayed  with  a  0.5  mil  Krylon  overlay.) 
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Figure  35.  Module  Ah- 10,  Angular  Response  in  Space (75. 6  Days) 
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Figure  30.  Module  IP-5,  Angular  Response  in  Space  (75.0  Days) 
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Figure  37.  Module  WD-4,  Space  vs  Simulator  Angular  Response 
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(b)  The  open  circuit  voltage  is  relatively  unaffected  by  incidence  angle 
from  0°  to  50*  Incidence.  At  50*  incidence  the  open  circuit  voltage 
reduction  is  only  about  2%,  and  is  about  6%  at  70°  incidence. 

(c)  As  might  be  expected,  the  angular  response  curvee  for  maximum  power 
and  partial  (hlj£h  resistance  loads)  lie  between  the  short  circuit  and 
open  circuit  curves.  For  a  good  silicon  module.  Figure  13,  the  maximum 
power  curve  closely  resembles  and  is  from  0  to  5%  higher  than  the 
short  circuit  curve. 

One  CdTe  and  one  CdS  module,  both  of  v.uieh  had  substantially  increased 
internal  series  resistance  due  to  degradation  in  storage,  naa  short  circuit 
response  curves  appreciably  higher  than  the  cosine  curve,  from  0*  to  75* 
incidence.  Figures  14  and  15.  These  curves  are  similar  in  shape  to  those 
for  loaded  thin  film  cells  in  good  condition.  Figures  17  and  18. 

CdS  module  chort  Circuit  current  varied  appreciable  with  time.  Figure  19, 
and  with  recent  exposure  history.  This  variation  is  slower  in  time  and  greater 
in  magnitude  than  any  variation  which  could  be  attributed  directly  to  temperature 
changes  within  the  thin  film  coll. 

Voltage-current  characteristics  for  0*,  20*,  40*,  and  60*  angles  of  incidence 
are  shown  In  Figures  20  through  26. 

6.  SPACE  ANGULAR  RESPONSE  RESULTS 

Partial  angular  response  data  were  obtained  for  60  of  the  3072  revolutions 
made  by  the  Flight  2  vehicle.  Unfortunately,  no  short  circuit  current  data 
could  be  obtained  at  incidence  angles  less  than  40’  for  silicon  modules,  and 
22*  for  thin-film  modules,  because  the  instrumentatlou/telexnetry  circuits 
saturated.  Furthermore,  no  direct  measurements  were  made  of  reflections 
from  vehicle  surfaces  or  the  earth’s  albedo.  The  following  conclusions  are 
derived  from  analysis  and  extrapolation  of  the  best  available  data.  Figures  27 
through  38. 
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(a)  Both  short  circuit  current  and  open  circuit  voltage  angular  response 
in  space  appear  to  be  similar  to  laboratory  angular  response,  except 
for  the  effect  of  reflected  energy  from  vehicle  surfaces  and  the  earth’s 
albedo. 

(b)  On  different  revolutions,  the  reflected  energy  appeared  to  vary  from 
0  to  30%  of  the  total  energy,  as  estimated  by  extrapolation  of  the  short 
circuit  angular  response  data. 

(c)  No  information  was  obtained  as  to  how  the  reflected  energy'  Incident 
upon  the  modules  varied  during  any  one  data  run:  the  longest  of  which 
was  38  minutes. 

(d)  Prolonged  exposure  to  the  space  environment  (75.6  days  for  Figures  27 
through  36,  and  358  days  for  Figures  37  and  38)  produced  no  apparent 
changes  In  the  shape  of  the  angular  response  curve.  Some  degradation 
in  total  output  of  each  module  occurred  and  Is  discussed  in  Section  V 
of  this  report. 
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ENVIRONMENT  AT  01130'  ALTITUDE 


1.  ELECTRON  AND  I  ROTON  FLUXES 

'While  solar  ax  jay  temperature  excursions  ranged  from  -170“  to  +150*F 
J»  bard  vacuum  daring  slmdow/eunllgfat  transits,  the  principal  Item  of  Interest 
from  a  solar  cell  damage  utundpoint  was  the  energetic  charged  particle  environ¬ 
ment  due  to  electrour  and  protons  trapped  In  the  earth’s  magnetic  field.  An 
attempt  was  therefore  made  to  estimate  the  total  Integrated  electron  and  proton 
fluxes'  fiom  published  models  of  Die  Van  Allen  radiation  belt  and  to  correlate 
those  flaxes  with  damage  observed  In  solar  cells  by  accelerator  produced 
1  Mev  electron  flux  in  the  laboratory.  The  region  of  Interest  was  the  inner  zone 
trognidd  rndlstio-j  environment  at  an  altitude  of  2000  nautical  miles  (1.88  earth 
radii).  From  Reference  1  (j*r.ge  53)  the  following  values  for  omnidirectional 
proton  expvwure  r  ale  hi  a  2000  nautical  mile,,  90  degree  Inclination  orbit  were 
obtained. 


Pro  Lor  1-r.oigv 


Omnidirectional 
£t4>,aa.,armT>" '  “  7  “’> 


E  >  h  Ik:v 
E  ;>  6  Ko  v 

E  >  8  Mev 
E  >10  Mey 


8, 22  x  109 
3.28  x  109 
1,32  x  lC^ 
c; 

^ ^  A  iU 


From  Reference  2  (page  63l]i  the  following  value  was  obtained  for  omni¬ 
directional  electron  exposure  rate  iu  this  orbit: 


Electron  Energy 
E  >  .5  Mev 


Omnidirectional 
Exposure  Rate  Ce/cm^  •  Day) 

4.22  x  1011 


Ignoring  the  effects  of  energetic  particles  produced  by  solar  flare  occur¬ 
rences,  the  worst  case  conditions  corr  espond  to  a  proton  exposure  rate  of 
9  2 

8.22  x  10  P/cm  •  Day  (E>4  Mev)  and  an  electron  exposure  rate  ol 

4.22  x  XO11  e/cin2  •  Day  (E>.5  Mev). 
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2.  EQUIVALENT  1  MEV  ELECTRON  FLUX 

From  Rosenwelg’a  data.  Figure  39,  (Reference  3),  the  conversion  factor 

from  omnidirectional  fissior.  oiectrons  to  equivalent  normal  incident  l  Mev 

2 

electrons  la  .90  for  a  shield  thickness  of  .04  grams/cm  (6  mil  glass). 


Therefore: 


(e  =  1  Mev) 


(.90)  (4.22  x  1011)  =  3.8  x  10U 


cm 


day 


Damage  produced  by  energetic  protons  can  also  be  estimated  by  relating  the 

proton  exposure  rate  for  the  various  energy  ranges  to  equivalent  1  Mev  electron 

flux.  Figure  40  shows  the  omnidirectional  proton  exposure  rate  (4^)  >  E  at  orbit 

altitude  plotted  as  a  function  of  proton  energy  from  4  to  1 0  Mev.  It  can  be  seen 

from  this  curve  tliat  the  proton  exposure  rate  decreases  significantly  with 

Increasing  proton  energy  and  that  the  majority  of  solar  cell  damage  is  produced 

by  the  lower  energy  protons  due  to  their  higher  number.  It  should  be  noted  that 
2 

a  6  mil  (.04  gm/cm  )  shield  will  absorb  all  protons  with  energies  less  than 
4.5  Mev. 


An  equivalent  1  Mev  unidirectional,  normally  incident  electron  flux  for 

each  midpoint  In  the  energy  ranges  of  Interest  can  then  be  established  for  each 

2 

omnidirectional  proton/cm  from  Figure  41,  (Reference  3),  with  the  following 
results: 


Proton  Energy 
Range 
(Mev) 

Omnidirectional 

Exnosurp  Rafp 

(P/cm^  •  dav' 

Equivalent  1  Mev  Electron 
Flux  per  proton/ce^  *  day 
(From  Figure  41) 

Equivalent  1  1 
Electron  pl>j; 
e/cm^  •  day 

4.5  -  6 

3.2  x 

109 

3.2  x  103 

10.2  x  1012 

6-8 

1.96  x 

109 

2.9  x  i03 

1 

5.7  x  lO1^ 

8-10 

7.87  x 

108 

2.6  x  103 

12 

2.1  x  10iZ 

>  10 

5.3  x 

00 

o 

^4 

2.3  x  103 

CNI 

pH 

o 

pH 

* 

CM 

TOTAL  1.92  x  1013 

The  total  equivalent  1  Mev  electron  flux  is  obtained  by  summation  of  the  flux 
equivalences  for  each  proton  energy  range  midpoint.  This  summation  yields  a 
total  1  Mev  electron  flux  equivalent  of 
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SHIELD  THICKNESS  ( grams/cm2  5 


Figure  39.  ConverBlon  Ratio  From  Fission  Electrons  to  1  Me1.' 
Electrons  vs  Shield  Thickness 
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Equivalent  1  Mev  Electron  Flux  per  Proton/cm2  vs 
Proton  Energy  for  Various  Shield  Thickness 
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13  I  Mev  electrons 

1.92  «  10 - ; - 

cm"  •  day 

or 

i|  2 

<X>  (  I  electron  equivalent)  *  1.92  %  10  e/'em  •  day 

Tho  total  damage  estimated  at  any  given  time  In  this  orbit  Bhould  be  based 
upon  a  total  1  Mev  electron  exposure  rate  of 

<t*e  +  <J>p  -  (0  038  *  I0IS)  +  (  1.92  *  10") 

„  1  M*v  •lactrons 

a  2  *  10  - 5 - 1 - 

cm  •  doy 


3.  PREDICTED  RADIATION  DAMAGE 


The  total  equivalent  Integrated  1  Mev  electron  fluxes  corresponding  to 
time  periods  througnout  the  total  experiment  on-orblt  life  of  358  days  were 


calculated.  The  I  ,  V  and  P  values  were  then  obtained  at  the  various  flux 


levels  from  Cherry’s  and  Staffer's  data  on  the  effects  of  1  Mev  electrons  on 
silicon  solar  cells.  Reference  4.  These  estimated  damage  ratios  can  be  compared 
with  the  actual  damage  observed  In  the  flight  experiment  for  the  IP,  WN,  and  WD 
modules  only,  since  these  modules  are  the  only  ones  containing  cells  of  the  same 
basic  types  as  those  included  in  the  Cherry  and  Statler  data.  The  predioted 
damage  is  shown  &nu  i»  compared  to  the  actual  flight  data  in  the  applicable 
figures  and  tables  In  Section  V. 
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SECTION  V 

EXPERIMENT  RESULTS 


X.  SHORT  CIRCUIT  CURRENT  AND  OPEN  CIRCUIT  VOLTAGE 


The  50*  incidence  short  circuit  current  and  open  circuit  voltage  values  for 
each  module  after  selection,  correction,  and  conversion  to  percent,  as  discussed 
in  Section  n.  were  plotted  in  the  following  figures: 


see 

oev 

Might  1 
-Y  Arm 

Flight.  2 
-Y  Artr. 

Flight  2 
4Y  Arm 

Fijiuic 

Flfinre 

Modules 

Modules 

Modules 

42 

47 

WN-3 

WN-4 

WN-5 

43 

48 

WD-5 

WD-2 

WD-4 

44 

49 

GE-5 

CE-3 

GE-4 

45 

50 

AR-5 

AR-10 

AR-8 

46 

51 

IP-2 

IP-5 

IP— 4 

The  predicted  values  of  short  circuit  current  and  open  circuit  voltage, 
calculated  by  the  method  described  in  Sectiou  IV,  are  also  shown  in  Figures 
42,  43,  46,  47,  48,  and  51. 

During  Flight  2,  no  data  were  obtained  for  the  -Y  arm  panel  alter  182 
days,  and  no  data  were  obtained  for  the  +Y  arm  panel  during  the  first  182  days. 
Beth  panels  wore,  of  course,  exposed  to  the  same  space  environment.  Flight  l 
data  were  obtained  for  the  -Y  arm  panel  only,  for  127  days.  Cancc  Flight  1  and 
Flight  2  orbits  were  nearly  identical,  data  from  the  three  panels  fer  each  type  of 
module  can  logically  be  plotted  against  time  in  orbit  in  the  same  figure,  for 
direct  comparison  and  analysis. 

The  degradation  values  listed  in  Tablos  IV  through  VI,  and  the  following 
comments,  are  based  upon  a  careful  examination  of  the  results  plotted  In 
Figures  42  through  51: 

1.  The  total  degradations  for  the  358-day  experiment  are  listed  in  Table  IV. 

The  open  circuit  voltage  degradations  for  the  three  silicon  modules  are. 
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for  ail  practical  purposes,  equivalent,  and  approximately  as  expected. 
The  WD  module  short  circuit  performance  is  surprisingly  good.  The 
AR  modules  failed  in  Flight  1,  and  appeared  to  be  failing  in  Flight  2, 
for  reasons  other  than  radiation  damage.  The  GE  Modules  show 
excessive  current  and  voltage  degradation  in  Flight  1,  and  high  current 
degradation  in  Flight  2,  probably  for  reasons  other  than  radiation 
damage. 


2.  Table  V  shows  the  initial  degradation  during  the  first  20  days  in  orbit. 
(Although  the  test  data  Indicates  that  the  initial  degradation  occurred 
in  much  less  than  20  days ,  the  20  day  period  was  selected  in  order  to 
obtain  a  sufficient  number  of  data  points  to  assure  a  valid  average.) 
It  is  evident  that  the  Initial  current  degradation  for  all  five  types  of 
modules  is  at  least  twice  as  great  as  expected.  The  GE  and  AR 
degradation  is  probably  due  to  delamination  or  other  physical  dete¬ 
rioration,  similar  to  the  degradation  of  these  modules  during  laboratory 
storage  and  testing  in  the  same  time  period.  This  rapid  initial  de¬ 
gradation  of  the  silicon  modules  may  be  due  to  proton  damage  in  edge 
and/ or  contact  areas  of  the  cells  which  may  not  have  been  completely 
covered.  Of  course,  some  of  the  apparent  Initial  degradation  of  all 
modules  might  be  due  to  telemetry/instrumentation  calibration  errors. 


3. 


The  approximate  annual  degradation  rates  are  listed  in  Table  VI,  In  an 
effort  to  isolate  long-term  radiation  damage  effects  from  the  excessive 


20  days  for  the  test  data,  and  after  160  days  for  the  predicted  values. 
After  160  days  the  predicted  curve  essentially  becomes  a  straight  ■*  - 
when  plotted  to  the  time  scale  used  in  Figures  42  through  51.  For 
silicon  modules,  the  actual  current  degradation  is  slightly  less  than 
expected,  and  the  actual  voltage  degradation  is  somewhat  greater  than 
expected.  The  negative  current  degradation  for  the  WD  modules  is 
inexplicable.  If  the  high  WD  current  were  due  to  reflected  energy,  the 
WN  and  IP  currents  should  also  have  been  higher.  The  cause  of  the 
negative  voltage  degradation  for  the  GE  modules  is  also  unknown, 
but  similar  behavior  has  been  noticed  in  long  term  laboratory  vacuum 
ultra-violet  tests. 
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Module  Short  Circuit  Current  vs  Days  in  Orbit 


Flight  I  I  AR-  5  Foiled) 


Figure  45.  AR  Module  Short  Circuit  Current  vs  Days  in  Orbit 
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Figure  46.  IP  Module  Short  Circuit  Current  vs  Daysiic  Orbit 
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NM  POLAR 


Plight 


Figure  49.  GE  Module  Open  Circuit  Voltage  vs  Days  in  Orbit 
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Figure  50.  AR  Module  Open  Circuit  Voltage  vs  Days  in  Orbit 


Flight  I 
Flight  2 


^  " 


Figure  51.  IP  Module  Open  Circuit  Voltage  vs  Days  in  Orbit 
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PERCENT  DEGRADATION,  AFTER  358  CAYS  IN  ZOOONM  POLAR  ORBIT 


rnGuui  m 

Type 

Short  Circuit  Current 

Dnen  C-irC'jl?  VoItGGS  ! 

L_  _f"'  _ _ 

Predicted* 

T**t  Result*** 

Predicted* 

Test  Result*  ** 

WN 

25 

29  ±  7 

14 

17  ±4 

WO 

IT 

6  ±  8 

17 

18  i4 

GE(FTV-2) 

36  ±  8 

6  ±6 

AR(FTV-2> 

29  t  9 

50  ±6 

IP 

25 

24  ±  8 

14 

I7±7 

•  Predicted  degradation  wok  calculated  by  method  outlined  in  S  ction  EC 

m  The  band  which  beet  contains  the  valid  point*  in  each  of  Figure*  42 
through  51  wo*  determined  by  Inspection 


TABLE  2 


PERCENT  INITIAL  DEGRADATION,  AFTER  20  DAYS  IN  2000  NM  POLAR  ORBIT 


Module 

Type 

Short  Circuit  Current 

- - 

Open  Circuit  Voltage 

Predicted 

Test  Results 

Prod  i  c*  c  d 

WN 

9 

20  ±3 

6 

6  ±2 

WD 

4 

10  ±  3 

6 

7  ±  2 

GEI FTV-2) 

22  ±4 

|4±  2 

AR(FTV-2) 

22  ±  3 

19  ±  2 

IP 

9 

20  ±  4 

6 

8  ±3 
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The  WD  modules  clearly  provided  better  overall  performance  during  this 
experiment  than  any  of  the  ether  module  types.  The  WD  modules  were,  therefore, 
selocted  as  standards  for  comparison,  In  an  effort  to  eliminate  systematic 
errors  and  thereby  reduce  the  data  spread.  Figures  52  and  52,  therefore,  show 
WN,  GE,  AR  and  IP  currents  relative  to  WD  current.  Each  point  plotted  was 
obtained  by  dividing  the  uncorrected  short  circuit  current  value  by  the  cor¬ 
responding  WD  uncorrected  value.  This  procedure  should  cancel  out  all  errors 
except  random  errors,  small  differences  In  temperature  and  temperature 
correction  constants,  and  possible  small  differences  In  reflected  energy  and/or 
shadowing  effects. 

Figures  52  and  53  do,  In  fact,  show  greatly  reduced  data  spread,  and  clearly 
show  the  current  degradation  of  all  other  modules  relative  to  the  WD  modules. 
The  downward  slopes  of  all  lines  definitely  show  that  the  WD  modules  have  the 
lowest  rate  of  current  degradation. 

Figures  54  through  56  show  a  less  successful  attempt  to  treat  open  circuit 
voltage  data  In  a  manner  similar  to  the  above.  The  vultage  data  points  still 
show  appreciable  scatter,  probably  due  to  Instability  of  the  thin  film  modules, 
and  the  fact  that  temperature  differences  have  a  much  greater  effect  on  open 
circuit  voltage  than  on  short  e.  cult  current.  These  figures  do,  however,  show 
that: 

1.  The  three  types  of  silicon  modules  have  only  minor  differences  in 
voltage  degradation  rate. 

2.  The  AR  modules  degraded  rapidly. 

3.  The  GE  modules  had  a  negative  open  circuit  voltage  degradation  rate  - 
a  char  ac  ter  lac  ic  which  has  also  been  observed  in  laboratory  vacuum 
ultra-violet  tests. 

2.  ERROR  ANALYSIS 

The  major  types  and  sources  of  error  in  the  short  circuit  current  and  open 
circuit  voltage  space  data  are: 

1.  Telemetry/instrumentation  ca'  bratlon  and  processing  errors. 
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md  AR  Module  Short  Circuit  Current,  Relative  to 
Module,  Flight  2 


Figure  55.  GE  Module  Open  Circuit  Voltage,  Relative  to  WD  Module 
Flight  2 


Module,  Flight  2 
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2.  Temperature  differences  (only  WD  module  temperature  was  reoorded). 

S.  Random  errors. 

4.  Effect  of  refleoted  energy. 

5.  Effect  of  shadows. 

6.  Incidence  angle  measurement  errors. 

The  effect  of  the  above  errors,  especially  5  and  6,  was  minimised  by  the 
selection  of  data  at  50*  ±5*  incidence  angles,  and  the  discarding  of  all  data 
apparently  affected  by  shadows,  as  discussed  in  Seotion  IL  The  first  type  of 
error  listed  above  is  the  only  one  that  would  equally  affect  both  open  circuit 
voltage  and  short  circuit  current. 

3.  POWER  OUTPUT 

Although  no  power  measurements  were  made,  the  degradation  in  maximum 
power  output  can  be  estimated  by  assuming  that  the  shape  of  the  V-I  curve  did 
not  change  during  the  space  experiment.  This  assumption  Is  essentially  valid  for 
silicon  cells  (Statler’s  1  Mev  electron  damage  data  on  silicon  solar  cells  show 
only  a  2%  reduction  in  fill  factor.)  Furthermore,  the  space  angiuar  response 
data  of  Section  HI  also  indicates  no  change  for  the  silicon  cells.  This  assumption 
Is  not  necessarily  valid  for  the  GE  and  AR  modul  us,  but  Is  used  for  comparison 
purposes.  These  modules  showed  substantial  deterioration  of  V-I  curve  shape 
during  laboratory  testing  and  storage. 

The  data  shown  in  Table  VII  for  the  GE  and  AR  modules  should,  therefore, 
be  regarded  as  the  best  case;  the  actual  power  output  degradation  would  be 
somewhat  greater. 

The  relative  power  output  may,  therefore,  be  calculated  using  the  following 
equation,  by  assuming  that  the  fill  factor,  F,  does  not  charge: 

P_  .  F(  VI) 
po  ‘  F<v0y 

Table  VII  presents  power  output  degradation  results  which  were  calculated 
by  this  method,  using  data  from  Tables  IV  through  VI.  It  is  again  evident  that: 

1.  The  WD  modules  incurred  the  least  degradation. 

2.  The  Initial  degradation  of  all  modules  was  greater  than  expected. 

3.  The  total  (358-day)  degradation  of  the  WD  modules  was  less  than 
predicted,  whereas  the  degradation  of  the  WN  and  IP  modules  was 
greater  than  predicted. 
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TABLE  3ZI 


APPROXIMATE  ANNUAL  DEGRADATION  RA  i  ti  r'tuCfcNl )  AHtR 
INITIAL  DEGRADATION  PERIOD  (ZO  DAYS  FOR  TEST  DATA  AND 
160  DAYS  FOR  PREDICTED  DATA)  IN  2000  NM  POLAR  ORBIT 


Module 

Type 

Short  Circuit  Current 

Open  Circuit  Voltage 

Pred  icted 

Test  Remits 

Predicted 

Test  Results 

WN 

10 

9 

S 

II 

WD 

8 

-4 

7 

1 1 

GEIFTV-2) 

14 

-8 

ARJFTV-2) 

7 

3  1 

IP 

10 

4 

6 

9 

TABLE  3ZE 

PERCENT  DEGRADATION  IN  MAXIMUM  POWER  OUTPUT, 
IN  2000  NM  POLAR  ORBIT 


Moduli 

Typs 

Total  (  358  Ooys  1 

Initial  20  Doys 

Annual  Rota  j 

Predicted 

*» 

Test  Results 

Predicted 

Test  Results 

Predicted 
After  160  Days 

•* 

Test  Results 
After  20  Doys 

WN 

38 

41  ±9 

l  4 

25  ±5 

12 

19 

uMrv 

■*  1 

M’S  X  Irt 

AIW 

5 

16  is 

l4 

7 

GE( FTV- 2) 

*40 1 1 1 

*33  ±5 

*7 

ARIFTV-  21 

*64  19 

*37  14 

*36 

IP 

3B 

37  1  12 

14 

26  ±‘6 

12 

13 

•  Best  cast, actual  degradation  It  probably  graottr 

m  Alt  predicted  valutt  were  calculated  from  Cherry  and  Stetlers  efficiency  degradation 
doto  ( Table  6 ,  reference  4 ) 
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SECTION  VI 
CONCLUSIONS 


Several  conclusions  can  be  derived  from  the  data  presented  In  this  Technical 
Report.  If  the  pre-flight  electrical  performance  data,  Table  1,  Is  reviewed. 
It  becomes  apparent  that  the  sunlight  conversion  efficiency  of  thin  film  module 
types  Is  approximately  1/3  the  efficiency  of  silicon  module  types.  Thus  for 
a  given  Initial  power  requirement,  a  thin  film  solar  ^rray  would  require  3  times 
as  much  area  as  Its  silioon  solar  array  counterpart.  Also,  since  both  cadmium 
tellurlde  and  cadmium  sulfide  modules  failed  to  survive  qualification  tests.  It 
can  be  concluded  that  the  environmental  resistance  of  thin  film  ceils,  in  the 
configuration  described,  is  inferior  to  that  of  silicon  solar  calls. 


The  results  of  laboratory  angular  response  U.tsL>  show'  that  the  short 
circuit  current  is  proportional  to  tix?  cosine  of  the  angle  of  incidence  from 
0*  to  50*  Incidence,  and  is  slightly  less  than  proportional  from  50*  to  90  "  Incidence. 
The  open  circuit  voltage  is  relatively  unaffected  by  incidence  angle  from  0"  to 
50*  Inoidenoe.  At  50*  Incidence  the  open  circuit  voltage  reduction  1st  only  about 
2%,  and  is  about  6%  at  70*  incidence.  As  might  be  expected,  the  angular  response 
curves  for  maximum  power  and  partial  (high  resistance)  loads  lie  between  the 
short  circuit  and  open  circuit  curves.  The  maximum  power  cur  ve  closely 
resembles  and  Is  from  0  to  5%  higher  than  the  short  oircult  curve. 


Analysis  cl  tuC  space  expo* a1u£ui>  uata  limit: a. ion  uiul  wLfi  anori  circuit 
current  and  open  oircult  voltage  angular  response  in  space  are  similar  to 
laboratory  angular  response,  except  for  the  effect  of  reflected  energy  from 
vehicle  surfaces  and  the  earth’s  albedo.  This  effect  varied  from  0  to  30%  on  the 
short  circuit  curves,  and  was  negligible  on  the  open  circuit  curves.  Prolonged 
exposure  to  the  space  environment  (358  days)  produced  no  apparent  changes  in 
the  shape  of  the  angular  response  curve. 


The  analysis  of  the  radiation  environment  at  orbit  altitude  of  2000  nautioal 
miles  shows  that  protons  in  the  4.5  to  10  Mev  range  are  most  effective  in  pro¬ 
ducing  solar  cell  damage.  The  total  proton-electron  environment  in  this  polar 

13  2 

orbit  corresponds  to  an  equivalent  1  Mev  electron  flux  of  2  x  10  e/om  per  day, 
15  2 

or  7.3  x  10  e/cm  per  year. 
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No  in-orbit  performance  advantages  of  thin  film  solar  cells  over  silicon 
solar  oe  11s  were  demonstrated  in  the  spaoe  experiment.  The  cadmium  sulfide 
and  cadmium  tellur  ids  modules  suffered  severe  degradation  and/or  complete 
failure  due  to  causes  other  than  radiation  damage,  since  similar  behavior  was 
noted  in  laboratory  storage  and  testing  of  similar  modules  during  the  same  time 
period.  * 

The  in-orbit  performance  of  the  drift-field  silicon  modules  was  clearly 
superior  to  the  performance  of  all  other  modules.  Both  predicted  and  actual 
results  show  this  superiority.  The  predicted  maximum  power  degradation  for 
the  958  day  orbital  test  was  31%,  whereas  actual  test  results  showed  13  to  33% 
degradation. 

The  validity  of  the  equivalent  1  Mev  electron  method,  as  described  in 
Seotlon  IV,  for  predicting  solar  cell  radiation  damage  was  confirmed.  Dis¬ 
crepancies  between  predicted  and  actual  results  were  less  than  the  experimental 
errors  encountered.  The  use  of  this  method  is,  of  course,  limited  to  those 
solar  cells  for  which  laboratory  1  Mov  electron  test  data  are  available. 

hi  any  future  solar  cell  spaoe  experiments.  It  is  strongly  recommended 
that  suitable  shielded,  pre-lrradlated  solar  cells  be  used  as  standards,  and 
exposed  to  the  same  conditions  as  the  test  cells.  Analysis  of  test  cell  performance 
relative  to  standard  cell  performance  would  eliminate  many  of  the  errors 
encountered  in  this  experiment.  Sufficient  experimental  data  should  also  be 
obtained  to  determine  the  maximum  power  degradation  and  the  changes,  if  any, 
iu  the  voltage-current  characteristics  of  the  test  cells. 


♦Attention  is  invited  to  the  fact  that  the  data  and  conclusions  of  this  report 
pertain  to  experimental  solar  cells  which  were  manufactured  in  July  and 
August  1965,  except  for  cadmium  sulfide  modules  included  in  flight  2  which 
were  manufactured  in  March  1966.  All  types  of  cells  have  been  improved 
since  these  dates,  but  a  discussion  of  the  specific  improvements  is  outside 
the  scope  of  this  report. 
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This  report  describes  an  experimental  effort  to  determine  solar  cell  degrada¬ 
tion  and  angular  response  In  a  2000  NM  polar  orbit.  Solar  cell  experiments 
Including  five  different  types  of  solar  cells  were  devised  for  each  of  two  Air 
Force  orbiting  vehicles.  The  cell  types  were  dendritic  silicon,  dendritic  silicon 
drift  field,  cadmium  tellurlde  thin  film,  cadmium  sulfide  thin  film,  and  ion 
Implanted  sill  on.  The  cells  were  tested  in  a  module  configuration  consisting 
of  eight,  1x2  centimeter  cells  of  each  type  In  electrical  series. 


The  short  circuit  current,  and  open  circuit  voltage  parameters  were  monitored 
over  a  one  year  period.  The  measured  degradation  was  compared  with  predicted 
degradation  based  iqxmthd  Van  Allen  Inner  belt  proton/electron  model  and  results 
of  accelerator  produced  1  Mev  electron  radiation.  The  total  proton/electron 
environment  in  the  2000  NM  polar  orbit  corresponded  to  an  equivalent  1  Mev 

i  c  o 

electron  fluenee  of  7.3  x  10  e/cm  per  year  which  produced  a  predicted  power 
degradation  of  38  percent  In  non-drift  field  silicon  cell  types  and  31  percent  In 
silicon  drift  field  types.  Measured  quantities  were  found  to  substantiate  the 
validity  of  the  1  Mev  electron  method  for  predicting  silicon  solar  cell  damage. 
Thin  film  solar  cells  (in  the  configuration  described  in  the  report)  failed  In 
earth  orbit  for  reasons  other  than  radiation  damage.  Thermal  effects  and 
mechanical  delamination  are  believed  to  be  the  moat  likely  reasons  for  their 


failure. 
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ITie  angular  response  of  solar  cells  lc  space  agreed  with  angular  response 
measurements  taken  In  the  laboratory  except  for  effects  of  stray  radiation  from 
earthshlne  and  vehicle  reflections.  Angular  response  was  also  determined  to 
be  Independent  of  radiation  damage  level. 
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